The molecular basis by which receptor tyrosine kinases (RTKs) recruit and phosphorylate Src Homology 2 (SH2) domain-containing substrates has remained elusive. We used X-ray crystallography, NMR spectroscopy, and cell-based assays to demonstrate that recruitment and phosphorylation of Phospholipase Cg (PLCg), a prototypical SH2 containing substrate, by FGF receptors (FGFR) entails formation of an allosteric 2:1 FGFR-PLCg complex. We show that the engagement of pTyr-binding pocket of the cSH2 domain of PLCg by the phosphorylated tail of an FGFR kinase induces a conformational change at the region past the cSH2 core domain encompassing Tyr-771 and Tyr-783 to facilitate the binding/phosphorylation of these tyrosines by another FGFR kinase in trans. Our data overturn the current paradigm that recruitment and phosphorylation of substrates are carried out by the same RTK monomer in cis and disclose an obligatory role for receptor dimerization in substrate phosphorylation in addition to its canonical role in kinase activation.
In Brief
Substrate recruitment and phosphorylation is a fundamental process in RTK signaling. This study shows how two FGFR kinase molecules act in concert to recruit and transphosphorylate PLCg, thus overturning the current paradigm that recruitment and phosphorylation of the substrates are carried out by the same RTK in cis.
INTRODUCTION
Receptor tyrosine kinase (RTK) signaling plays essential roles in human biology and pathology (Hunter, 2000; Lemmon and Schlessinger, 2010) . Ligand-induced dimerization of the extracellular domains of RTKs juxtaposes the cytoplasmic kinase domains to enable kinase trans-tyrosine phosphorylation (Chen et al., 2008; Goetz and Mohammadi, 2013; Hubbard, 2004; Hunter, 2002; Jura et al., 2011; Lemmon and Schlessinger, 2010) . Phosphorylation of tyrosines in the regulatory kinase A-loop elevates the intrinsic kinase activity in an allosteric fashion (Chen et al., 2007; Pellicena and Kuriyan, 2006; Rajakulendran and Sicheri, 2010) . In contrast, phosphorylation on tyrosines in the juxtamembrane region, kinase insert, or C-terminal tail creates specific recruitment sites for Src Homology 2 (SH2)-or phosphotyrosine binding (PTB)-containing intracellular substrates including enzymes and adaptor proteins (Lemmon and Schlessinger, 2010; Pawson, 2004; Schlessinger and Lemmon, 2003) to facilitate their phosphorylation, which then triggers activation of specific intracellular signaling pathways leading to distinct biological responses (Rotin et al., 1992; Schlessinger and Lemmon, 2003) . For example, phosphorylation of a conserved tyrosine in the C-terminal tail of FGFRs creates a docking site for Phospholipase Cg1 (PLCg1), a tandem SH2-containing substrate (Eswarakumar et al., 2005; Mohammadi et al., 1991; Peters et al., 1992) . This recruitment plays a dual role in the activation of the PLCg pathway: (1) it facilitates phosphorylation of PLCg that relieves PLCg autoinhibition, resulting in upregulation of the lipase activity of the enzyme (Bunney et al., 2012; Hajicek et al., 2013; Poulin et al., 2005) , and (2) it translocates PLCg to the vicinity of its substrate phosphatidylinositol 4,5-bisphosphate (PIP2) in the plasma membrane, where the activated enzyme can hydrolyze PIP2 leading to the generation of the second messengers DAG and IP3 (Ellis et al., 1998; Schlessinger, 1997) .
There is a major gap in our understanding of the molecular mechanism by which SH2-or PTB-mediated recruitment/phosphorylation of substrates takes place. The recent elucidation of the crystal structure of 1:1 complex of the activated FGFR1 kinase with the tandem nSH2-cSH2 domain fragment of PLCg (PDB: 3GQI) (Bae et al., 2009 ) has been the closest attempt to address this fundamental process in RTK signaling. In this structure, the tyrosine phosphorylated C-tail of FGFR1 kinase binds the nSH2 domain of PLCg, but none of the three PLCg phosphorylation sites included in the tandem SH2 construct are engaged by the active site of the FGFR1 kinase, leaving it uncertain as to how SH2-mediated recruitment facilitates substrate phosphorylation.
Here, we used an assortment of X-ray crystallography, nuclear magnetic resonance (NMR) spectroscopy, mass spectrometry, and other biophysical and cell-based experiments to show how two FGFR kinases act cooperatively to recruit and phosphorylate PLCg, thus overturning the current paradigm that recruitment and phosphorylation of the substrates are carried out by the same receptor (i.e., in cis). In addition, our data unravel the molecular basis by which the phosphorylated substrate is disembarked from the FGFR, allowing for next cycles of recruitment and phosphorylation to ensue.
RESULTS AND DISCUSSION

C-terminal SH2 Domain of PLCg Mediates the Recruitment and Phosphorylation of PLCg by FGFR, EGFR, PDGFR, and VEGFR in Living Cells
PLCg is a key signaling protein for a number of RTKs including FGFRs, EGFRs, PDGFRs, VEGFRs, and NGFRs (Kim et al., 1991; Lemmon and Schlessinger, 2010; Liu et al., 2012; Pascal et al., 1994) . PLCg possesses tandem SH2 domains, an N-terminal SH2 (nSH2), and a C-terminal SH2 (cSH2), which share about 35% sequence identity. To test the roles of the two SH2 domains in the recruitment and phosphorylation of PLCg by RTKs in living cells, we ablated the phosphotyrosine (pTyr) binding function of the nSH2 and cSH2 domains individually or in combination by mutating the arginine from the SH2 domain-invariant FLVR motif (Bae et al., 2009; Hidaka et al., 1991) within the pTyr binding pocket (Arg-586 of nSH2 and Arg-694 of cSH2) to alanine ( Figure 1A ) and transiently transfected the wild-type or mutated PLCg constructs into PLCg1 À/À mouse embryonic fibroblasts (MEFs) (Ji et al., 1997 four RTKs to phosphorylate PLCg, whereas inactivation of the nSH2 domain alone (N À C + ) had no effect ( Figure 1B ).
Consistent with the PLCg phosphorylation data, the PLCg construct with ablated cSH2 domain (N + C À ) failed to co-precipitate with the activated FGFR1, whereas the PLCg construct with disabled nSH2 domain (N À C + ) co-precipitated with FGFR1 as efficiently as the wildtype PLCg did ( Figure 1C ). Moreover, cells transfected with PLCg devoid of a functional cSH2 domain failed to respond to FGF1 with an increase in IP3 production, whereas FGF1 treatment of cells transfected with PLCg lacking a functional nSH2 domain gave rise to similar level of IP3 release as cells transfected with wild-type PLCg ( Figure 1D ). These data demonstrate that the cSH2 domain of PLCg mediates recruitment and phosphorylation of PLCg by FGFR, VEGFR, EGFR, and PDGFR in living cells. were made ( Figure 2A ). As for the recombinant FGFR kinase, the kinase domain of FGFR2, including C-terminal Tyr-769, whose phosphorylation is required for PLCg recruitment and phosphorylation, was made. To generate a homogeneously phosphorylated kinase sample, all of the autophosphorylation sites of FGFR2 kinase except for Tyr-769 were mutated to non-phosphorylatable residues. To drive the kinase into the active state conformation in the absence of A-loop tyrosine phosphorylation, two pathogenic gain-of-function mutations, Glu565Ala (E565A) and Lys659Glu (K659E) (Chen et al., 2007 (Chen et al., , 2013 Naski et al., 1996) , were introduced into the kinase (Figure 2A ). To exclude the possibility that the presence of the gain-offunction mutations may have biased the binding of FGFR2K pY769 toward cSH2 domain, we also analyzed binding interactions of phosphorylated wild-type FGFR2K with wild-type and mutated tandem nSH2-cSH2 fragments using native gel electrophoresis ( Figure S1L ). This analysis showed that the phosphorylated wild-type FGFR2K also binds selectively to the cSH2 domain. Lastly, we also tested whether cSH2-mediated recruitment of PLCg is applicable to all FGFRs by analyzing the binding interactions of phosphorylated wild-type FGFR1, FGFR3, and FGFR4 kinases with wild-type or mutated tandem nSH2-cSH2 fragments using native gel electrophoresis. The results clearly show that all four human FGFRs recruit PLCg via its cSH2 domain ( Figures S1K-S1N ).
Crystal Structure of FGFR2K pY769 in Complex with the PLCg cSH2 Domain Reveals a 2:1 FGFR-PLCg Stoichiometry
Having demonstrated that the cSH2 domain is necessary and sufficient for the recruitment and phosphorylation of PLCg, we then solved the crystal structure of FGFR2K pY769 in complex with a PLCg cSH2 fragment consisting of residues Asn-661 to Leu-774 in the presence of a non-hydrolyzable ATP analog (AMP-PCP) at 2.6 Å resolution (Figures 3 and 4; Table 1 ). This cSH2 construct includes the cSH2 domain and Tyr-771, the first phosphorylation site of PLCg past the cSH2 domain. The asymmetric unit of the crystal contains a 1:1 FGFR2K pY769 -PLCg cSH2 complex mediated by contacts between the phosphorylated C-tail of FGFR2K pY769 and the pTyr binding pocket of the PLCg cSH2 domain ( Figure 3A ). Despite lacking the A-loop tyrosines, FGFR2K pY769 adopts the active state conformation and contains an AMP-PCP molecule in its ATP binding cleft, demonstrating that the E565A and K659E gain-of-function mutations have forced the kinase into active state without A-loop tyrosine phosphorylation ( Figure S2) . Surprisingly, however, the phosphorylatable Y771 of the PLCg cSH2 domain is not bound in cis into the active site of the kinase in the 1:1 complex ( Figure 3A ). Instead, Y771 binds in trans into the active site of the neighboring kinase in the crystal lattice where it is poised to be phosphorylated ( Figure 3B ). Hence, the FGFR2K pY769 -PLCg cSH2 complex structure implies that PLCg recruitment and phosphorylation involves a 2:1 receptor-substrate complex wherein one receptor acts as ''recruiter'' and the other receptor serves as ''phosphorylater.'' In fact, structural analysis ( Figures 3A and 4) shows that due to spatial constraints, recruitment and phosphorylation of the PLCg cSH2 domain cannot be carried out by the same kinase, that is, in cis. Tyr-771 is only five residues away from the end of the rigid core of PLCg cSH2 domain, which is not enough to provide sufficient flexibility for Tyr-771 to reach the active site of the kinase. Likewise, Tyr-769 of FGFR2 is only two residues away from the end of the aI helix, which also does not provide enough C-terminal flexibility to position the cSH2 domain closer to the active site of the FGFR kinase such that phosphorylation of Tyr-771 can occur in cis. Nevertheless, to rule out the possibility that crystal packing contacts may have hindered binding in cis of Tyr-771 into the active site of the recruiting kinase, we performed paramagnetic relaxation enhancement (PRE) experiments to obtain proximity information between Tyr-771 of the cSH2 domain and the substrate tyrosine binding pocket of FGFR2K
pY769
. For this purpose, we attached an MTSL, a commonly used nitroxide paramagnetic spin label, to Cys-491 in the Gly-rich loop of the FGFR2K pY769 ( Figures 3C and 3D ). Conveniently, this naturally occurring cysteine is about 10 Å away from the catalytic base of the kinase, which is well within the PRE transfer range of MTSL ( Figure 3D ). Following a series of triple resonance experiments to assign the backbone amide 1 H/ 15 N resonances of the cSH2 domain ( Figure 3E ), a 1:1 complex of 70% deuterated, 15 N-labeled cSH2 with the spin-labeled FGFR2K-pY769 MTSL was prepared and 1 H T 2 relaxation enhancements in the cSH2 domain was probed using a two-point TROSY method (Iwahara et al., 2007) where the difference in the relaxation delays was 10 ms. Following collection of the data on the paramagnetically labeled FGFR2K-pY769 MTSL , ascorbic acid was added to reduce the nitroxide allowing us to measure relaxation rates in the absence of the paramagnetic state. As shown in Figure 3F , the corresponding 1 H PRE G 2 rates for C-terminal residues 760-773 of cSH2, which include the phosphorylatable tyrosine 771, are close to zero. Moreover, there are no discernable spectral differences between 15 N-HSQC paramagnetic and diamagnetic spectra or spectra of the native complex prepared in the absence of MTSL incorporation. Taken together, these NMR PRE data show that Tyr-771 of cSH2 and its surrounding sequences are more than $20 Å away from the spin label. To ensure that our PRE assay is capable of detecting spectral changes/rate enhancements within $20 Å range, we performed a control PRE experiment wherein the minimal kinase domain of FGFR2 (residues 459 to 768; FGFR2K short ) was isotopically enriched with 15 N and subsequently labeled with MTSL on Cys-491 in the same manner as FGFR2K pY769 . A comparison of paramagnetic and diamagnetic spectra of this construct shows several missing peaks in the former consistent with the distance-dependent perturbation by the spin label on the Gly-rich loop ( Figure S3 ). Taken together, these PRE experiments support the crystal structure showing that recruitment and phosphorylation cannot be accomplished by the same kinase in cis.
Interactions at the Interfaces between cSH2 and the Recruiting and Phosphorylating FGFR2 Kinases The interface between the cSH2 molecule and the recruiting kinase molecule buries a total of 967 Å 2 of solvent exposed surface area (Figures 4A and 4B) . At this interface, the phosphorylated Tyr-769 (pTyr-769) and the following Leu-770 and Leu-772 of the recruiting kinase plug into the pTyr binding pocket of the cSH2 domain using the canonical ''two-prong in socket'' mechanism with pTyr-769 engaging the hydrophilic hole, and Leu-770 and Leu-772 engaging the hydrophobic hole of the socket ( Figures 4C and 4D ). pTyr-769 engages in a total of seven hydrogen bonds: two each with both Arg-675 and Arg-696 and three with Arg-694 of the PLCg cSH2 domain. In addition, backbone atoms of Glu-768 and Leu-770 of the recruiting kinase molecule make hydrogen bonds with the side chain of Arg-675 and backbone carbonyl oxygen of His-714 of the PLCg cSH2 domain. Another notable contact at this hydrophilic hole of the socket is the p-cation interaction between the phenyl ring of pTyr-769 and Arg-716 of the PLCg cSH2 domain ( Figure 4D ). In the second hydrophobic hole of the socket, Leu-770 and Leu-772 of the recruiting kinase are immersed in hydrophobic contacts with Phe-706, Cys-715, Leu-726, Tyr-741, Leu-746, and Tyr-747 of the PLCg cSH2 domain ( Figure 4D ).
The interface between the cSH2 molecule and the phosphorylating kinase molecule buries a total of 1,246 Å 2 of solvent exposed surface area (Figures 4A and 4B) and harbors several canonical kinase-substrate contacts at the enzyme active site ( Figures 4C and 4E ). The hydroxyl moiety of Tyr-771 makes two short hydrogen bonds with the catalytic base (Asp-626) of the kinase and is also engaged in a p-cation interaction with Arg-664 from the A-loop of the phosphorylater kinase. In addition to these canonical contacts proximal to the enzyme active site, the phosphorylating kinase and the PLCg cSH2 domain engage The cSH2 samples were 70% deuterated.
1 H relaxation enhancement (G 2 ) due to the presence of the MTSL spin label probed using a two-point TROSY method where the difference in the relaxation delays was 10 ms (Iwahara et al., 2007) . Y771 is shown as a red circle. Distances of 15 Å and 20 Å between the spin label and amide proton are shown on the plot using correlation times of 15 ns (black, dotted line) and 25 ns (blue, solid line). A G 2 value close to zero indicates a distance >$25 Å from the spin label. Based on the crystal structures of FGFR kinases-substrate complexes, the distance between the tyrosine to be phosphorylated and adjacent residues ranges from $10 to 13 Å . See also Figures S2-S4 each other in six hydrogen bonding contacts away from the enzyme active site. These distal contacts include the bidentate hydrogen bonds between Glu-762 of PLCg and Arg-580 of the kinase, two hydrogen bonds between Glu-768 of PLCg and Lys-668 of the kinase, and one hydrogen bond between Gln-677 of PLCg and the kinase backbone oxygen of Pro-705 (Figure 4E) . Harmonious with the requirement for the cSH2 domain in mediating PLCg phosphorylation by FGFR kinase, Gln-677, Glu-762, and Glu-768 are fully conserved among the PLCg orthologs across species ( Figure S4A ).
The cSH2 Recruitment by FGFR2K
pY769 Induces a
Conformational Change at the C-Tail of cSH2 Based on the structure, we inferred that the engagement of pTyr binding pocket of the cSH2 domain by the recruiting kinase might induce conformational changes in the cSH2 that facilitate its phosphorylation on Tyr-771 by the phosphorylating kinase. Hence, we employed NMR spectroscopy to probe the conformational changes of the cSH2 domain upon recruitment. To this end, chemical shift perturbation of perdeuterated, 15 N-labeled cSH2 in the presence of FGFR2K pY769 were calculated and plotted as function of residue ( Figure 5A ). Mapping the perturbed residues onto the crystal structure revealed three clusters of residues in the cSH2 domain that incur significant chemical shifts/signal attenuation in the presence of FGFR2K pY769 ( Figures 5B-5D ).
One cluster is comprised of residues within/or close to the pTyr binding pocket that binds the phosphorylated C-terminal tail of the recruiting kinase in the crystal structure. Two other regions with significant chemical shift perturbations included the core and C-terminal tail of cSH2 domain that face the phosphorylating kinase opposite to the pTyr binding pocket. Interestingly, we observed a new set of resonances for the C-terminal residues of cSH2 domain including Tyr-771 ( Figures 5B and 5C ), indicating that the C terminus of the cSH2 domain undergoes a conformational change when the pTyr pocket of cSH2 is engaged by the phosphorylated C-tail of FGFR2K pY769 .
To functionally test this possible conformational rearrangement in the cSH2 domain, we compared phosphorylation of the wild-type cSH2 and the cSH2 R694A mutant on Tyr-783 by FGFR2K pY769 in vitro ( Figures 5E, 5F , 5H, and 5I). The cSH2 R694A mutant harbors an alanine in place of the critical arginine from the FLVR motif, which disables cSH2 domain from binding to FGFR2K pY769 , as determined by SPR ( Figure 5F ). Compared to the wild-type cSH2, the cSH2 R694A mutant was phosphorylated to a significantly lower amount ( Figure 5I ), supporting our NMR data that recruitment of cSH2 domain to one kinase molecule facilitates the trans-phosphorylation of the tyrosine located in the C-terminal tail of cSH2 domain by another kinase. To provide further evidence for the 2:1 FGFR2K pY769 -cSH2 complex in solution, we studied the impact of Glu-762-Ala and Gln-677-Ala mutations on the recruitment and trans-phosphorylation of the cSH2 domain on Tyr-783 by the FGFR2K pY769 in vitro. As these two residues interact with the ''phosphorylater'' kinase (Figure 4) , we reasoned that their mutations should impair phosphorylation of the cSH2 domain on its tail tyrosine without impacting recruitment of cSH2 domain to FGFR2K pY769 . Consistent with the crystal structure, binding analysis by SPR spectroscopy shows that the cSH2 Q677A/E762A mutant binds with comparable affinity to the FGFR2K pY769 as the wild-type cSH2 does ( Figure 5G ). Despite retaining the full capacity to be recruited, the cSH2 Q677A/E762A mutant was phosphorylated to a much lesser degree than the wild-type cSH2 domain ( Figure 5J ). Lastly, we also devised an in vitro kinase complementation to demonstrate that phosphorylation of cSH2 domain on tyrosines occurs in trans. In this experiment, which is shown schematically in Figure S5 , an enzymatically dead but recruitment-able version , and timedependent phosphorylation on Tyr-771 of cSH2 was quantitated by mass spectrometry and expressed as % total tryptic peptide containing Tyr-771. As shown in Figure S5 , the cSH2 Q677A/E762A mutant was phosphorylated to a much lesser degree than the wild-type cSH2 domain. Taken together with the NMR results, these data provide functional evidence for formation of an allosteric 2:1 FGFR2K pY769 -cSH2 complex that is necessary for phosphorylation of cSH2 domain on tyrosine in solution.
Cell-Based Experiments Validate the Structurally Deduced 2:1 RTK-PLCg Phosphorylation Model
To test the biological relevance of our structurally deduced 2:1 RTK-substrate phosphorylation model ( Figure 6A ), we also Figures 6B-6D ). Our ability to uncouple recruitment and phosphorylation of PLCg from one another both in vitro and in living cells provides strong evidence in support of the 2:1 RTK-substrate model whereby PLCg is engaged by two RTKs with one receptor serving as ''recruiter'' and the other acting as the ''enzyme.'' To further validate the 2:1 RTK-PLCg recruitment/phosphorylation model, we devised a complementation assay in living cells. In this assay, two full-length RTK mutants are made as follows: one containing mutation of the lysine from the ATP binding cleft and another carrying mutation of the C-terminal tyrosine, whose phosphorylation is necessary for PLCg recruitment, to phenylalanine. Both mutants are defective in PLCg phosphorylation either due to lack of phosphotransfer activity (''kinase-dead'') or inability to recruit PLCg. We reasoned that if our 2:1 model holds true, then these receptor mutants should be able to complement each other in phosphorylating PLCg when coexpressed on the surface of cells and treated with ligand. Specifically, ligand treatment should induce heterodimerization between half of these mutants (the other half being inactive mutant homodimers) allowing the enzymatically active but recruitment-deficient RTK to phosphorylate the ''kinase-dead'' on the C-terminal tyrosine, thereby creating a docking site for the cSH2 domain of PLCg on the ''kinase-dead'' RTK. The phosphorylated ''kinase-dead'' RTK would then recruit PLCg offering the substrate for phosphorylation in trans to the recruitment-deficient but kinase active RTK in the context of heterodimer ( Figure 7A) . We chose to test this using FGFR1 and VEGFR2 as examples. A lentiviral expression system was used to express the FGFR1 mutants in BaF3 cells, which lack endogenous FGFR expression. Indeed, as shown in Figure 7B , treatment of cells co-infected with both constructs resulted in phosphorylation of PLCg, whereas no PLCg phosphorylation was observed in cells infected with either of the two FGFR1 mutants individually. As predicted from our 2:1 model, the phosphorylation level of PLCg in the co-transfected cells was about 50% of that observed in cells transfected with wild-type FGFR1 ( Figures 7B and 7C) . As for VEGFR2, porcine aortic endothelial (PAE) cell lines stably expressing kinase-dead (VEGFR2 K866R ) or recruitment-deficient (VEGFR2 Y1173F ) VEGFR2 mutants were made. The VEGFR2 Y1173F -expressing cells were then used to infect with retrovirus expression vector for recruitment-defi- . Cells were stimulated with FGF1, and cell lysates were analyzed by western blotting with the indicated antibodies (B). Semi-quantitation of the phosphorylation level of PLCg was from western blotting result (C). Data are represented as mean ± SEM (n = 3), *p < 0. Our identification of cSH2 domain as the principal mediator of PLCg recruitment to FGFR2 is diametrically opposed to the previously reported crystal structure of the activated FGFR1 kinase complexed with the tandem nSH2-cSH2 domain fragment of PLCg (PDB: 3GQI) (Bae et al., 2009) showing that this tandem construct is recruited via nSH2 domain. Notably, 3GQI does not provide a satisfactory explanation as to how the nSH2-mediated recruitment would facilitate PLCg phosphorylation, as none of the phosphorylation sites that follow the cSH2 domain are engaged by the FGFR1 kinase. In fact, the PLCg phosphorylation site (Tyr-771) is over 60 Å away from the active site of FGFR1 kinase (Bae et al., 2009) (Figure S6 ). These disparities prompted us to carefully inspect the 3GQI (Bae et al., 2009 ) structure. Upon close inspection, it appears that the presence of decavanadate complex ions in the crystallization conditions together with crystal packing contacts ( Figure S6 ) have contributed to nonphysiological binding of the nSH2 domain of PLCg to the activated FGFR1 kinase.
Insights into the preferential binding of FGFR and other RTKs to the cSH2 domain of PLCg can be gleaned through sequence alignment of PLCg recruitment sites from several RTKs that utilize PLCg as their common intracellular substrate. Relative to cSH2, the hydrophobic hole of the socket in nSH2 appears narrower due to insertion of three residues in the loop between aB helix and bG strand ( Figures S4A and S4B) . Additionally, substitution of Arg-696 of cSH2 domain with Ser-588 in nSH2 domain in the hydrophilic hole of socket should also reduce the overall affinity of nSH2 domain for pTyr containing peptides. As shown in Figure 4D , Arg-696 of cSH2 domain, which makes two tight hydrogen bonds with phosphate moiety of pTyr-769, is not conserved in the nSH2 domain of PLCg (Ser-588 in nSH2) (Figure S4A) . Interestingly, in all RTKs, the PLCg recruitment sites maps to the C-terminal tail of the receptor not too far from the aI helix, the last secondary structure element of the kinase domain. In fact, in FGFRs, VEGFRs, TRKs, C-KIT, CSF1R, and RET the recruitment sites are nearly equidistance from the predicted end of kinase domain ( Figure S4C ). Based on these observations, it is likely that additional selectivity for cSH2 domain may be achieved due to steric factors in the quaternary structure that are more permissible for cSH2 than nSH2 domain.
Structural Basis for the Post-Phosphorylation Dissociation
Step of PLCg from RTKs Once phosphorylation of PLCg is completed, the phosphorylated PLCg must dissociate from the recruiting receptor kinase so that the next cycle of recruitment and phosphorylation can ensue. Phosphorylated Tyr-783 has been shown to fold over and bind in cis to the cSH2 domain of PLCg (Bunney et al., 2012; DeBell et al., 2007; Poulin et al., 2005) . This intramolecular interaction induces a major structural rearrangement in PLCg, which relieves PLCg autoinhibition, thereby elevating the lipase activity of the enzyme (Bunney et al., 2012; Poulin et al., 2000 Poulin et al., , 2005 . According to our structure, such a cis interaction would compete with binding of pTyr-769 of the recruiting FGFR2 kinase to the cSH2 domain, thus forcing the phosphorylated PLCg to come off the recruiting receptor. To test this hypothesis, we prepared cSH2 domain phosphorylated on Tyr783 (pY783-cSH2) and examined its interaction with FGFR2K pY769 using SPR spectroscopy. As shown in Figure S7A , pY783-cSH2 failed to bind FGFR2K pY769 , supporting the model that the intramolecular interaction between phosphorylated Tyr-783 and the cSH2 domain of PLCg competes with pTyr-769 of the FGFR2 kinase for binding to the cSH2 domain. Hence, our data provide a plausible molecular basis for how PLCg is disengaged from the activated FGFR once phosphorylation of PLCg is completed ( Figure S7B) . Notably, our structural data expose the presence of an elegant coupling mechanism between phosphorylationinduced disengagement of PLCg from FGFR and phospholipase activation of PLCg.
In summary, the structural and biochemical data presented in this manuscript clearly establish that the recruitment and phosphorylation of SH2-containing substrates, a fundamental process in RTK signaling, is achieved in the context of a receptor dimer wherein one monomer recruits the substrate and offers it to the second monomer that acts as the ''enzyme.'' Thus, our findings overturn the current paradigm that SH2-mediated recruitment and phosphorylation are carried out by the same receptor (i.e., in cis). Moreover, our 2:1 trans model suggests that SH2 binding specificity is achieved at the quaternary level within an RTK dimer, thus challenging the current view regarding determinants of specificity of substrate recognition by an RTK. Our data identify an unprecedented role for receptor dimerization in substrate phosphorylation in addition to its canonical role in kinase activation. In addition to providing the molecular basis for one of the fundamental steps in RTK signaling, our data will have major impact on future drug discovery efforts in the RTK field. Essentially all of the current RTK inhibitors target the ATP binding pockets and often are cross-reactive between RTKs due to the significant sequence conservation of ATP binding pockets among RTKs. In addition, these inhibitors indiscriminately block all the pathways downstream of RTKs, including those that may not be involved in a particular disease. Based on our model, it would be now possible to discover drugs that interfere with binding of PLCg to the ''phosphorylating'' FGFR. Such drugs would selectively inhibit the PLCg pathway in human diseases such as myeloproliferative syndrome, where PLCg signaling has been shown to be a critical downstream effector of the ZNF198-FGFR1 fusion gene (Roumiantsev et al., 2004) . (Memarzadeh et al., 2007) was used to express wild-type and mutated FGFR2 and VEGFR2 molecules in BaF3 and PAE cell lines, respectively, for receptor complementation experiments. Full details are described in Supplemental Experimental Procedures.
Phosphatidylinositol Hydrolysis Assay in PLCg1
-/-MEF Cells IP3 formation was measured as previously described (Everett et al., 2009 ) and detailed in Supplemental Experimental Procedures.
Protein Expression and Purification
All the wild-type and mutated FGFR kinases, wild-type and mutated tandem nSH2-cSH2 domains, and individual nSH2 and cSH2 domains, including the isotopically enriched cSH2 (U-15 N, U-15 N/ 13 C, U-2 H/ 15 N), were expressed in E. coli (BL21) and purified as described in Supplemental Experimental Procedures.
In Vitro Binding Assays
The ITC, SPR spectroscopy, SEC, native gel electrophoresis, and NMR spectroscopy were used to determine the binding selectivity of the PLCg SH2 domains toward FGFR2K pY769 . For full experimental details, please refer to the Supplemental Experimental Procedures.
PRE Experiments
Prior to incorporation of the spin label, FGFR2K pY769 was treated with 20 mM DTT for 15 min in a buffer containing 20 mM Tris-HCl (pH 7.5) and 150 mM NaCl. The protein was then exchanged into a buffer containing 20 mM TrisHCl (pH 6.5) and 150 mM NaCl and diluted to a concentration of 40 mM. A 150 mM solution of S-(1-oxyl-2,2,5,5-tetramethyl-2,5-dihydro-1H-pyrrol-3-yl) methyl methanesulfonothioate (MTSL) in acetonitrile was added in half-molar equivalent portions every 10 min on ice. (Iwahara et al., 2007) and detailed in Supplemental Experimental Procedures.
Crystallization and Structure Determination
Crystals of FGFR2K pY769 -cSH2 complex were grown by hanging drop vapor diffusion at 4 C using crystallization buffer composed of 25 mM HEPES (pH 7.5), PEG 20000 (12%-18%), and 2% (w/v) Benzamidine hydrochloride. Diffraction data were processed using HKL2000 Suite (Otwinowski and Minor, 1997) . Molecular replacement solutions for the FGFR2 kinase and the cSH2 domain were found by the program Phaser in CCP4 Suite (Collaborative Computational Project Number 4, 1994) using the crystal structure of FGFR2 kinase (PDB: 2PVY) (Chen et al., 2007) and the crystal structure of cSH2 domain (PDB: 3GQI) (Bae et al., 2009 ) as the search model, respectively. Model building was carried out using Coot (Emsley and Cowtan, 2004) , and iterative positional and B-factor refinements were done using PHENIX (Adams et al., 2002) . The refined structure shows good geometry and Ramachandran statistics. Data collection and structure refinement statistics are listed in Table  1 . Full details are described in Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures and Supplemental Experimental Procedures and can be found with this article online at http://dx.doi. org/10.1016/j.molcel.2015.11.010.
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